Actinobacillus succinogenes is one of the best natural succinate-producing organisms, but it still needs engineering to further increase succinate yield and productivity. In this study, we developed a markerless knockout method for A. succinogenes using natural transformation or electroporation. The Escherichia coli isocitrate dehydrogenase gene with flanking flippase recognition target sites was used as the positive selection marker, making use of A. succinogenes's auxotrophy for glutamate to select for growth on isocitrate. The Saccharomyces cerevisiae flippase recombinase (Flp) was used to remove the selection marker, allowing its reuse. Finally, the plasmid expressing flp was cured using acridine orange. We demonstrate that at least two consecutive deletions can be introduced into the same strain using this approach, that no more than a total of 1 kb of DNA is needed on each side of the selection cassette to protect from exonuclease activity during transformation, and that no more than 200 bp of homologous DNA is needed on each side for efficient recombination. We also demonstrate that electroporation can be used as an alternative transformation method to obtain knockout mutants and that an enriched defined medium can be used for direct selection of knockout mutants on agar plates with high efficiency. Single-knockout mutants of the fumarate reductase and of the pyruvate formate lyase-encoding genes were obtained using this knockout strategy. Double-knockout mutants were also obtained by deleting the citrate lyase-, ␤-galactosidase-, and aconitase-encoding genes in the pyruvate formate lyase knockout mutant strain.
D
icarboxylic acids are among the top of the U.S. Department of Energy's list of value-added chemicals from biomass (1) . In particular, if produced economically by fermentation, succinic acid could replace maleic anhydride as the precursor to many bulk and commodity chemicals, with a potential market of 25 billion tons per year (2) . Actinobacillus succinogenes strain 130Z (ATCC 55618) is a facultative anaerobe and a member of the Pasteurellaceae. It is the highest natural succinate producer known (3) (4) (5) . A. succinogenes produces succinate, acetate, and formate as its major fermentative products, with ethanol as a minor by-product (6) . Under optimized conditions, wild-type A. succinogenes produces 80 g liter Ϫ1 of succinate, while chemically induced mutant strains resistant to fluoroacetate produce up to 110 g liter Ϫ1 of succinate (3), suggesting that even higher succinate yields can be obtained with genetically engineered strains. Biobased succinate will be price-competitive with petroleum-based maleic anhydride only if alternative fermentation products can be eliminated. Achieving homosuccinate fermentation would drastically reduce the cost of downstream succinate purification (7) .
Until recently, genetic tools for A. succinogenes were limited to the expression vector pLGZ920 and electroporation (8) . Plasmid pLGZ920 confers ampicillin (Amp) resistance, replicates in A. succinogenes and Escherichia coli, and allows high-level expression of foreign genes in A. succinogenes from the strong, constitutive A. succinogenes pckA promoter (p pckA ) (8) . Electroporation of A. succinogenes with pLGZ920 yields transformants with an efficiency of 10 4 to 10 6 CFU g Ϫ1 of plasmid, depending on the electroporation parameters (8) (B. D. Schindler and C. Vieille, unpublished data). Early attempts to construct knockout mutants of A. succinogenes by allelic exchange used electroporation with suicide vectors containing gene knockout constructs interrupted by antibiotic resistance genes. The high frequency of spontaneous antibiotic-resistant mutants masked the low frequency of double recombination events, and no knockout mutants were isolated in these studies (J. B. McKinlay and C. Vieille, unpublished data). Another selection method and possibly other means to introduce DNA into cells are thus needed to develop a knockout method for A. succinogenes.
In other Pasteurellaceae species, conjugation and natural transformation have been commonly used to construct knockout mutants. Conjugation has been used in Actinobacillus pleuropneumoniae (9) , Mannheimia haemolytica, Pasteurella multocida, and Haemophilus somnus (10) . Deletions were typically selected for with an antibiotic resistance marker, and SacB-based sucrose counterselection was used to select for double recombination. The conjugated plasmids were either suicide vectors or temperaturesensitive shuttle plasmids (10) . One study used the Cre-lox system to remove the selection marker (11) . Natural transformation has been used in many studies of Haemophilus influenzae and other naturally competent Pasteurellaceae. Natural competence is induced by starvation stress. Transformation frequencies can be as high as 10 Ϫ2 (12) . Natural transformation is well suited for strain engineering since it works best with linear DNA (e.g., PCR products), which requires double recombination events for complete chromosome integration.
Naturally competent Pasteurellaceae preferentially take up DNA from their own species over unrelated DNA (13, 14) . They do so with membrane-bound DNA uptake machinery that specifically recognizes and binds a conserved uptake signal sequence (USS) (15) . Low transformation efficiencies of A. actinomycetemcomitans were observed with DNA fragments not containing a USS (16) . All Pasteurellaceae genomes sequenced contain USS repeats, in numbers ranging from 41 to 1,760 (1,690 in A. succinogenes) (17) , even though not all these species are naturally competent (12) . A. succinogenes's genome contains 23 of the 25 genes in H. influenzae's natural competence regulon (17, 18) , including those encoding the competence regulatory proteins Sxy and CRP (cyclic AMP [cAMP] receptor protein). The missing two genes encode hypothetical proteins with unknown roles in natural competence (12) . The frequency of USS repeats in A. succinogenes's genome and the likely presence of a complete natural competence machinery suggest that A. succinogenes is naturally competent.
In this report, we demonstrate that natural competence can be used to create knockout mutants of A. succinogenes, that the E. coli isocitrate dehydrogenase gene can be used as a positive selection marker, that the Saccharomyces cerevisiae Flp recombinase (encoded by flp) (19) can be used in A. succinogenes to remove the positive selection marker flanked by two direct Flp recognition target (FRT) sites (20) , and that more than one deletion can be introduced in the same strain. We also demonstrate that no more than a total of 1 kb of DNA is needed on each side of the selection cassette to protect from exonuclease activity during transformation and that no more than 200 bp of homologous DNA is needed for efficient recombination. The genes encoding fumarate reductase and pyruvate formate lyase were chosen as initial targets for knockout constructs. Fumarate reductase (encoded by frdABCD) converts fumarate to succinate. Knocking out fumarate reductase would likely be the first step needed to engineer A. succinogenes into a fumarate or aspartate producer. During A. succinogenes's fermentative growth on glucose, pyruvate formate lyase (PFL; encoded by pflB) is the main enzyme converting pyruvate into acetyl coenzyme A (acetyl-CoA), with the concomitant production of formate (21, 22) . Acetyl-CoA is, then, the precursor of acetate and ethanol (23) . Fluoroacetate-resistant mutants devoid of PFL activity are not affected in their growth and produce increased amounts of succinate (3) . A pflB knockout mutation is likely to be the first mutation needed to engineer a homosuccinate-producing A. succinogenes strain (24) (25) (26) (27) . Three other sets of genes (encoding ␤-galactosidase, citrate lyase, and aconitase) deemed nonessential for fermentative growth on glucose were targeted for deletion as well.
MATERIALS AND METHODS
Strains, media, culture conditions, and chemicals. Strains used in this study are listed in Table 1 . E. coli strains were cultivated in lysogeny broth (LB) and on LB agar plates (28 Plasmids, DNA manipulations, and electroporations. Plasmids used in this study are listed in Table 1 . PCR products were cloned into pCR2.1 using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA). pLGZ920 was used to express foreign genes in A. succinogenes under the control of p pckA (8) . One Shot TOP10 chemically competent E. coli cells (Invitrogen) were transformed as described by the manufacturer. Electrocompetent A. succinogenes cells used for transformation of linear DNA were prepared as described previously (28) . Electrocompetent A. succinogenes cells used for transformation of circular DNA were prepared using a method modified from reference 30 as follows. A 10-ml culture of actively growing A. succinogenes (OD 660 , 0.5 Ϯ 0.2) in medium B or AM3 was incubated on ice for 10 min. Six milliliters of culture was harvested by centrifugation (3 min at 4,500 ϫ g) at 4°C. The pellet was washed three times with 1 ml of cold 272 mM sucrose and resuspended in 100 l of 272 mM sucrose. Electroporation was performed with 1 l of DNA (100 to 300 ng for circular DNA and 700 to 800 ng for linear DNA) and 100 l of electrocompetent cells in a 2-mm-gap-width electroporation cuvette (Bio-Rad, Hercules, CA). After electroporation (settings: 25 F, 400 ⍀ for plasmids, 600 ⍀ for linear DNA, and 2.5 kV on a Bio-Rad GenePulser), electroporation mixtures were incubated with 0.5 ml of superoptimal broth with catabolite repression (SOC) outgrowth medium (New England BioLabs, Ipswich, MA) for 1 h at 37°C. The cells were then centrifuged (3 min at 4,500 ϫ g), resuspended in 100 l of supernatant, and spread on a single plate.
DNA manipulations used standard protocols (28) . PCRs were performed with the Advantage HD polymerase kit (Clontech, Mountain View, CA) unless otherwise stated. Restriction enzymes were from New England BioLabs. Genomic DNA extractions were performed using the Wizard genomic DNA purification kit, plasmid DNA was purified using the Wizard SV miniprep kit, and DNA fragments were recovered from PCR mixtures and agarose gels using the Wizard SV Gel and PCR Clean-Up system (Wizard kits from Promega, Madison, WI). Primers used in this work are listed in Table S1 Construction of plasmid pLGZ924. The isocitrate dehydrogenase gene (icd) was amplified from E. coli K-12 genomic DNA using primers P1 and P2. The PCR product was cloned into pCR2.1 and then subcloned into the XbaI and SacI sites of pLGZ920, downstream of p pckA , yielding plasmid pLGZ924.
Construction of ⌬frd::icd and ⌬pflB::icd mutants. The E. coli icd gene under the control of p pckA in pLGZ924 was amplified with primers P3 and P4. The primers added S. cerevisiae FRT sequences (5=-GAAGTTCCTAT TCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTC-3=) (20) in the same orientation plus AscI restriction sites on each side of the p pckA -icd cassette to yield a 1.6-kb, AscI-FRT-p pckA -icd-FRT-AscI, cassette (Fig. 1) . After the PCR, the 100-l mixture was heated at 95°C for 20 min. 3= A-overhangs were added to the PCR product, using Taq polymerase as described in the TOPO-TA cloning kit instructions, before cloning into pCR2.1 to yield pCR2.1-icd.
A ⌬frd DNA construct was assembled in two steps. First, the 1.1-kb region upstream of frdABCD (frd up ) was amplified with primers P5 and P6, and a 1-kb fragment containing the frdCD genes was amplified with primers P7 and P8. Primers P6 and P7 overlapped by 19 nucleotides (nt), including an AscI site. Second, the 1.1-and 1.0-kb purified fragments were fused by PCR using nested primers P9 and P10. The 2.1-kb frd upAscI-frdCD product ( Fig. 1) was cloned into pCR2.1, yielding pCR2.1-⌬frd. The AscI-FRT-p pckA -icd-FRT-AscI fragment from pCR2.1-icd was cloned into the AscI site of pCR2.1-⌬frd, yielding pCR2.1-⌬frd::icd ( Fig.  1 ). This plasmid was used as a template with primers P11 and P12 to amplify a 5.4-kb fragment that was naturally transformed into A. succinogenes 130Z to create the ⌬frd::icd strain. A ⌬pflB construct was assembled in pCR2.1 in two steps as well. Two 1.4-kb DNA fragments upstream (pflB up ) and downstream (pflB down ) of A. succinogenes pflB were amplified separately using primer pairs P13-P14 and P15-P16, respectively. Primers P14 and P15 overlapped by 21 nt, including an AscI site. The pflB up and pflB down purified PCR fragments were then fused by PCR using nested primers P17 and P18. The 2.1-kb pflB up -AscI-pflB down product was cloned into pCR2.1, yielding plasmid pCR2.1-⌬pflB. Finally, the AscI-FRT-p pckA -icd-FRT-AscI cassette from pCR2.1-icd was cloned into the AscI site of pCR2.1-⌬pflB, yielding pCR2.1-⌬pflB::icd. After restriction digestion with XmnI, the 7.6-kb linear plasmid DNA was naturally transformed into A. succinogenes to create the ⌬pflB::icd strain.
Construction of the ⌬pflB ⌬lacZ::icd, ⌬pflB ⌬cit::icd, and ⌬pflB ⌬acn::icd double mutants. The ⌬pflB strain was used as the host to delete lacZ, the genes encoding citrate lyase (citDEF), and the aconitase gene (acn). The strategy used was identical to that used to build the ⌬frd and ⌬pflB strains. Construction of plasmids pCR2.1-⌬lacZ::icd, pCR2.1-⌬cit:: icd, and pCR2.1-⌬acn::icd used primers P35 to P40 (⌬lacZ), P41 to P46 (⌬cit), and P47 to P52 (⌬acn) (see Table S1 in the supplemental material). ⌬cit was flanked by 0.5 kb of its upstream and downstream regions in pCR2.1-⌬cit::icd. ⌬acn was flanked by 0.4 kb and 0.45 kb of its upstream and downstream regions, respectively, in pCR2.1-⌬acn::icd. ⌬lacZ was flanked by 0.75 kb and 0.85 kb of its upstream and downstream regions, respectively, in pCR2.1-⌬lacZ::icd. These plasmids were used as the templates with primer pairs P11-P12 (which add 1 kb of vector DNA on each side of the regions flanking the deletion) and P53-P54 (which add 0.1 kb of vector DNA on each side of the regions flanking the deletion) to amplify the fragments used to naturally transform the ⌬pflB strain. Double recombinations in the ⌬pflB strain were screened by colony PCR using primer pairs P39-P40, P39-P26, and P25-P40 (⌬lacZ::icd); P45-P46, P45-P25, and P26-P46 (⌬cit::icd); and P51-P52, P51-P26, and P25-P52 (⌬acn:: icd). ⌬pflB ⌬lacZ::icd double mutant candidates were further confirmed by patching the colonies on LB glucose plates containing 40 l of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal).
Natural transformation. The natural transformation protocol for A. succinogenes closely resembles those for H. influenzae (31) and A. pleuropneumoniae (32) . To prepare competent cells, 400 l of an overnight culture of A. succinogenes in BHI were transferred to 35 ml of fresh BHI and grown to an OD 600 of 0.2 to 0.25. Cells were washed twice with AM3 phosphate buffer (per liter: NaH 2 PO 4 ·H 2 O, 8.5 g, and K 2 HPO 4 , 15.5 g), resuspended in 10 ml of anaerobic MIV medium (31) containing 2 mM cAMP, and incubated at 37°C for 100 min with shaking at 100 rpm to induce competence. For natural transformation, a mixture of 1 g of DNA and 1 ml of competent cells was incubated in a 37°C water bath for 25 min. A negative control without DNA was included. Two volumes of BHI were added to the transformation mixtures, and the mixtures were incubated at 37°C with shaking (250 rpm) for 100 min. Cells were then harvested (4,500 ϫ g, 4°C, and 15 min), washed twice with 0.75 ml of AM3 phosphate buffer, and resuspended in 0.75 ml of AM3 phosphate buffer. Finally, 0.25 ml of cell suspension was used to inoculate one tube each of AM3 (positive control), AM2 (negative control), and AM2-isocitrate (selective medium). Tubes were incubated at 37°C with shaking until growth was observed in AM2-isocitrate. AM2-isocitrate cultures (0.25 ml) were streaked onto LB-glucose-Km plates to isolate putative recombinants. A method for plate selection is evaluated in Results.
Removal of the icd marker. The S. cerevisiae flp gene was cloned into pLGZ920 for expression in A. succinogenes. The flp gene was amplified from plasmid pCP20 using primers P19 and P20. The purified PCR product was cloned into the XbaI and SacI sites of pLGZ920 using the InFusion cloning system (Clontech). In the resulting plasmid, pCV933, flp is expressed constitutively under the control of A. succinogenes p pckA . pCV933 was purified and electroporated into A. succinogenes ⌬frd::icd, ⌬pflB::icd, ⌬pflB ⌬cit::icd, and ⌬pflB ⌬acn::icd strains. Transformants were screened for excision of the icd marker by colony PCR using several primer pairs. Excision of icd yielded ⌬pflB(pCV933), ⌬frd(pCV933), ⌬pflB ⌬cit(pCV933), and ⌬pflB ⌬acn(pCV933) strains, each of which contains a single FRT scar in the chromosome. The deletions and the presence of the 48-nt FRT sequence framed by two AscI sites were confirmed by sequencing these regions in the genomes of the ⌬frd and ⌬pflB strains.
Curing of plasmid pCV933. An overnight culture of the A. succinogenes ⌬frd(pCV933) or ⌬pflB(pCV933) strain in medium B was used to inoculate a series of medium B tubes containing 0, 10, 50, 100, and 200 g ml Ϫ1 of acridine orange (AO). After 6.5 h of growth (37°C), cultures from each tube were streaked onto LB-glucose-Km plates. The resulting colonies were patched onto LB-glucose-Amp plates to screen for the loss of pCV933. Amp-sensitive (Amp s ) colonies were screened for plasmid curing by colony PCR using primers P21 and P22, specific for sequences upstream and downstream of the pLGZ920 multiple-cloning site.
Enzyme assays. Enzyme assays were performed with cell extracts prepared from exponential-phase cultures (OD 660 between 0.6 and 1.0) grown in AM3. Cells from 10-ml cultures were harvested by centrifugation (4,500 ϫ g, 15 min, and 4°C) and washed three times with 50 mM Tris-HCl (pH 7.4) at room temperature. For ICD and citrate lyase assays, pellets were resuspended in 0.5 ml of 50 mM Tris-HCl (pH 7.4). For fumarate reductase assays, pellets were resuspended in 1 ml of 50 mM potassium phosphate (pH 7.0) containing 0.1 mM dithiothreitol. Cells were sonicated with a Branson Sonifier 450 (Danbury, CT; 50% duty cycle, level 2, 20 s, 4 times). The lysate was centrifuged and the supernatant used for the assays as crude cell extract. Total proteins were quantified using the Bio-Rad (Hercules, CA) protein assay dye reagent concentrate with bovine serum albumin as the standard. One unit of enzyme activity was defined as the amount of enzyme needed to convert 1.0 mol of substrate into product per min. ICD and citrate lyase activities were assayed using a Cary 300 UV-visible (UV-vis) spectrophotometer (Varian Instruments, Walnut Creek, CA) equipped with a Peltier system. ICD activity was assayed by monitoring NADP ϩ reduction at 340 nm in a 1-ml reaction mixture containing 50 mM Tris-HCl (pH 7.4), 5 mM DL-isocitric acid trisodium salt, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.3 mM NADP ϩ , and 90 mM NaCl. The reaction was started by adding 50 l of crude cell extract. The molar extinction coefficient of NADPH was 6,200 M Ϫ1 cm Ϫ1 . Fumarate reductase activity was assayed in 96-well plates in a Sunrise microplate reader (Tecan, Durham, NC) in an anaerobic glove bag. The 200-l reaction mixture contained 50 mM potassium phosphate (pH 7.0), 5 mM benzyl viologen, 0.4 mM sodium dithionite, and 5 mM sodium fumarate. The reaction was started by adding 10 l of cell extract. The activity was measured at 595 nm as the difference between the slopes before and after adding the cell extract. Measurements were taken every 30 s, with shaking between measurements. All enzyme assays were performed at 37°C on three biological replicates.
Analysis of fermentation products. Overnight cultures of strain 130Z and the ⌬pflB strain in AM3-25 mM NaHCO 3 were inoculated (0.25 ml) into 10 ml of fresh AM3-25 mM NaHCO 3 . Fermentation products in culture supernatants were quantified by high-performance liquid chromatography (HPLC; Waters, Milford, MA) using a 300-by 7.8-mm Aminex HPX-87H column (Bio-Rad, Hercules, CA) at 30°C with 4 mM H 2 SO 4 as the mobile phase (0.6-ml min Ϫ1 flow rate). Organic acids were detected with a Waters 2478 UV detector at 210 nm or 254 nm.
RESULTS
A positive selection method for recombination events in A. succinogenes. To avoid using antibiotic resistance genes as selection markers, a positive selection method was developed based on A. succinogenes's metabolism. Because it is missing citrate synthase and ICD in the citric acid cycle, A. succinogenes is auxotrophic for glutamate (29) . A. succinogenes has glutamate dehydrogenase activity and is able to grow on ␣-ketoglutarate instead of glutamate (29) . We proposed that A. succinogenes expressing ICD would be able to grow in minimal medium with isocitrate substituted for glutamate.
A. succinogenes 130Z(pLGZ924) could grow in AM2-isocitrate, whereas 130Z could not (data not shown). Strain 130Z(pLGZ924) grew slower in AM3 and AM2-isocitrate, (generation times of 2.08 Ϯ 0.03 h and 5.7 Ϯ 0.1 h, respectively [means Ϯ standard deviations]) than 130Z did in AM3 (generation time of 1.66 Ϯ 0.01 h). AM3 contains 1.4 mM glutamate. Even with 5.7 mM L-isocitrate (4-fold more than glutamate in AM3), 130Z(pLGZ924) grew in AM2-isocitrate to a maximum OD 660 40% lower than in AM3. In contrast to glutamate, which can only be a precursor of biomass in 130Z, isocitrate can also be metabolized to oxaloacetate and acetyl-CoA through aconitase and citrate lyase, and it seems to be partially diverted to acetate, explaining why 130Z(pLGZ924) grows slower and to a lower final OD in AM2-isocitrate than in AM3. While the icd gene looks to be a promising positive selection marker for A. succinogenes, its introduction in A. succinogenes increases the complexity of the central metabolism, suggesting that the icd gene should be excised from knockout mutant strains.
Natural transformation of A. succinogenes using a ⌬frd::icd construct. Two USSs were present in the ⌬frd::icd construct, 650 nt upstream (in frd up ) and 900 nt downstream (in frdCD) of the FRT-p pckA -icd-FRT cassette, respectively (Fig. 1) . AscI restriction sites were created on both ends of the FRT-p pckA -icd-FRT cassette and in the center of the ⌬frd construct for easy insertion of the cassette into the ⌬frd construct. The A. succinogenes chromosome contains only 33 AscI sites, allowing our selection cassette to be used for almost any gene deletion in the genome. DNA starts being degraded by exonucleases as soon as it enters the cell. To protect the A. succinogenes sequences (ϳ1 kb on each side of the selection marker) from degradation and maximize the chances of recombination, the PCR product used to construct the ⌬frd::icd strain contained 1 kb of pCR2.1 DNA on each side of the knockout construct.
To determine whether and when cAMP is needed to induce A. succinogenes competence, different growth and competence induction conditions were tested. cAMP was completely omitted in the first experiment. In the second experiment, 2 mM cAMP was added to BHI only. In the third experiment, 2 mM cAMP was added to MIV only. In each of these experiments the transformation mixtures were finally incubated in AM3, AM2-isocitrate, and AM2 liquid media. Only the third experiment led to growth in AM2-isocitrate after 4 days. Cultures grew overnight in AM3 (positive control), but no growth was observed after 4 days in AM2 (negative control). The 4-day AM2-isocitrate culture (0.25 ml) was used to inoculate 10 ml of fresh AM2-isocitrate to enrich for recombinants able to grow on isocitrate. The second culture was streaked onto LB-glucose-Km plates to isolate putative recombinants.
Confirmation of the ⌬frd::icd knockout strain. Double recombination of the ⌬frd::icd construct in the A. succinogenes chromosome was confirmed by colony PCR. Of six putative recombinant colonies screened by PCR with primers P9 and P10, one yielded the expected 3.8-kb fragment (Fig. 1) . This putative mutant was confirmed using colony PCR screens with other primers. PCR with primers P11 and P12 confirmed that this colony did not contain any pCR2.1 sequences, while PCRs with primer pairs P23-P24 (internal to frdB) and P25-P26 (internal to E. coli icd) confirmed that this colony no longer contained the frdB gene but that it contained the icd gene (data not shown). This mutant was called the ⌬frd::icd strain.
Construction of the ⌬frd::icd mutant was confirmed with in vitro ICD and fumarate reductase activity assays. Strain 130Z(pLGZ924) was the positive control for ICD activity. A. succinogenes 130Z showed almost no detectable ICD activity (0.30 Ϯ 0.49 mU mg Ϫ1 ). With an activity level of 28 Ϯ 7 mU mg Ϫ1 , the ⌬frd::icd strain showed over 90-fold-higher ICD activity than 130Z and 13-fold-lower activity than 130Z(pLGZ924) (360 Ϯ 130 U mg Ϫ1 ). Higher ICD activity in 130Z(pLGZ924) reflects the fact that this strain contains multiple copies of icd. The ⌬frd::icd strain lacks the frdAB genes and should be devoid of fumarate reductase activity. Indeed, the ⌬frd::icd strain showed over 500-fold-lower fumarate reductase activity (0.0078 Ϯ 0.0011 U mg Ϫ1 ) than 130Z (3.97 Ϯ 0.08 U mg Ϫ1 ). Excision of the selection marker. The ⌬frd::icd strain was transformed with pCV933 (expressing the S. cerevisiae FLP recombinase) and plated on LB-glucose-Amp. One transformant colony was reisolated on LB-glucose-Amp, and excision of the icd marker was tested by colony PCR using primer pair P25-P26. Out of the 20 potential ⌬frd colonies tested, one yielded no PCR product. Colony PCR of this strain using primer pair P9-P10 yielded a 2.1-kb product instead of the 3.8-kb product obtained with the ⌬frd::icd strain, confirming that the icd gene was no longer present in that strain (Fig. 1) . The new strain was called the ⌬frd(pCV933) strain.
Curing pCV933 from the A. succinogenes ⌬frd(pCV933) strain. AO is commonly used to inhibit plasmid replication (33) . After AO treatment, colonies isolated on LB-glucose-Km were replica plated onto LB-glucose-Km and LB-glucose-Amp plates to identify Amp s colonies. Twenty, 10, and 10 Amp s colonies from the ⌬frd(pCV933) cultures grown with 50 g ml Ϫ1 , 75 g ml Ϫ1 , and 200 g ml Ϫ1 AO, respectively, were screened by colony PCR with primers P21-P22. A single colony originating from the 50-g ml Ϫ1 AO culture was confirmed to have lost the plasmid (data not shown) and was called strain ⌬frd.
Construction of the ⌬pflB strain. The ⌬pflB::icd construct contained a single USS in the frdB down fragment, 33 nt downstream of the FRT-p pckA -icd-FRT cassette (Fig. 2, top construct) . XmnI-linearized pCR2.1-⌬pflB::icd, containing 2 kb of pCR2.1 DNA on each side of the knockout construct, was used to construct the ⌬pflB::icd strain. Construction of the A. succinogenes ⌬pflB::icd mutant was confirmed by colony PCR with primers P27 and P28, which match sequences flanking the pflB deletion. Thirty-five of the 36 colonies tested yielded the expected 2-kb PCR fragment (Fig. 3) . PCR with primers P25 and P26 confirmed that the putative mutants contained the E. coli icd gene (Fig. 3) . One isolated mutant was called the ⌬pflB::icd strain. The icd marker was excised by transforming this strain with pCV933. Of the 38 colonies tested by PCR with primers P25 and P26, 18 yielded no PCR product. Excision of the icd gene was confirmed by colony PCR using primers P27 and P28 (Fig. 3) , and one confirmed isolate was called the ⌬pflB(pCV933) strain.
The ⌬pflB(pCV933) strain was cured of pCV933 by AO treatment. Ten and 50 g ml Ϫ1 of AO produced 4 and 10 Amp s colonies, respectively. The 100-g ml Ϫ1 and 200-g ml Ϫ1 AO treatments produced no Amp s colonies. Of the 14 Amp s colonies, one from the 10-g ml Ϫ1 AO and two from the 50-g ml Ϫ1 AO treatments were shown to have lost the plasmid after two replicate colony PCR screens with primers P21 and P22 (data not shown).
One cured derivative from the 50-g ml Ϫ1 AO treatment was called the ⌬pflB strain.
During growth in AM3-25 mM NaHCO 3 , conditions that normally favor formate production (6, 29) , the ⌬pflB strain did not produce any formate (Fig. 4) , confirming that this strain is devoid of pyruvate formate lyase activity.
Effects of the DNA construct length and of the length of the homologous regions on the efficiency of homologous recombination. The DNA fragments used in natural transformation so far contained approximately 1 kb of A. succinogenes DNA on each side of the selection marker for efficient recombination plus at least 1 kb of nonhomologous plasmid DNA on each side to protect the homologous DNA from degradation by exonucleases. To test whether the nonhomologous plasmid DNA on each side of the recombination cassette could be omitted, the 3.8-kb ⌬frd::icd cassette (amplified from pCR2.1-⌬frd::icd with primers P9 and P10) (Fig. 1 ) was used in natural transformation. In this experiment, the selection marker was flanked by approximately 1 kb of A. succinogenes DNA on each side. Transformants grew in AM2-isocitrate. Forty percent of recombinant colonies screened by PCR with primers P9 and P10 yielded the expected 3.8-kb fragment (Table 2 ). This result indicates that no more than a total of 1 kb of DNA is needed on each side of the marker for recombination to take place.
To determine what minimum length of homologous DNA is needed on each side of the selection marker to allow double recombination to take place, homologous recombination cassettes were generated that contained 200 bp, 400 bp, and 600 bp of homologous DNA on each side of the selection marker. pCR2.1-⌬pflB::icd was used as the template because truncating the frd up and frdCD fragments would have deleted both USS sequences (Fig. 1 ). The ⌬pflB::icd-600, -400, and -200 fragments were amplified from pCR2.1-⌬pflB::icd with primer pairs P29-P30, P31-P32, and P33-P34, respectively, and cloned back into pCR2.1 (Fig. 2) . The fragments used for transformation were generated by PCR with primers P11 and P12, including 1 kb of vector DNA on each side of the recombination cassette. Three independent natural transformations were performed with each fragment, in which 15 succinogenes 130Z and of the ⌬pflB strain grown on AM3 in the presence of 25 mM NaHCO 3 . Supernatant samples were collected immediately after inoculation (baseline) and after 12 h of growth. Ace, acetate; For, formate; Fum, fumarate; Pyr, pyruvate; Suc, succinate.
colonies were screened by PCR. While the standard deviations were large in all cases, averages of 47%, 57%, and 60% colonies contained the ⌬pflB::icd deletion for the transformations with fragments ⌬pflB::icd-600, -400, and -200, respectively. These results suggest that 200 bp of homologous DNA on each side of the selection marker is still enough to allow double recombination. Conversely, all transformations using the ⌬pflB::icd-600 cassette amplified with primers P30 and P31, the ⌬pflB::icd-400 amplified with primers P31 and P32, or the ⌬pflB::icd-200 cassette amplified with primers P33 and P34 yielded no growth in AM2-isocitrate and no ⌬pflB::icd deletions. Construction of double-knockout mutants. To determine whether the same knockout strategy could be used to introduce two successive deletions in the same strain, three genes deemed nonessential for growth in AM3-glucose were targeted for deletion in the ⌬pflB strain. The genes encoding citrate lyase and aconitase were chosen as targets, because the tricarboxylic acid cycle is incomplete in A. succinogenes. The third target gene was lacZ. The strategy used to build the three deletions was identical to that used to build the ⌬frd and ⌬pflB strains. Citrate lyase is encoded by three genes organized in an operon, citDEF (Asuc_1194 -1196). citE encodes the subunit with lyase activity. The citrate lyase deletion, ⌬cit, encompassed over half of citD, the entire citE gene, and over a third of citF (data not shown). One USS was present in the upstream fragment. The 2.6-kb aconitase gene (acn; Asuc_0185) is immediately preceded by the only USS in that area. To preserve that USS and to preserve the promoter of the gene downstream of acn, the acn deletion encompassed only 1.6 kb inside the acn gene. The lacZ deletion encompassed the entire 3.0-kb lacZ gene, including the only four USSs present in the area. For this reason, a USS was introduced into the reverse nested primer used to fuse the lacZ up and down regions (P40) (see Table S1 in the supplemental material).
The three double-knockout mutant strains were obtained with frequencies ranging between 25% and 100% ( Table 2 ). Note that double recombinants were obtained with frequencies of 25% or higher for ⌬cit::icd in the ⌬pflB and 130Z strains and for ⌬acn::icd in the ⌬pflB strain with only 0.52 kb to 0.6 kb of total flanking DNA on each side of the selection marker ( Table 2) . Construction of the double-deletion strains was verified by PCR (shown in Fig.  S1 in the supplemental material for the ⌬pflB ⌬acn and ⌬pflB ⌬cit strains after excision of the icd marker). Figure 5 confirms that ⌬pflB ⌬lacZ::icd transformants no longer have ␤-galactosidase activity. The ⌬pflB ⌬cit strain showed 27-fold less in vitro citrate lyase activity than the ⌬pflB strain (0.02 mol min Ϫ1 mg Ϫ1 in the former versus 0.55 mol min Ϫ1 mg Ϫ1 in the latter), confirming the double deletion.
Development of a selective solid medium. A. succinogenes 130Z grows slowly on AM3 plates, with colonies visible only after 4 days. Even though it contains multiple copies of the E. coli icd gene, 130Z(pLGZ924) did not form visible colonies on AM2-isocitrate plates. To develop a selective agar-isocitrate medium that allows strains containing a single copy of E. coli icd to form colonies, all amino acids but glutamate, glutamine, arginine, and proline (i.e., amino acids derived from glutamate) were added to the medium. Glutamate was replaced with 30 mM DL-isocitrate. 130Z(pLGZ924) formed colonies on this medium after 2 days, but the ⌬frd::icd strain did not, even after 6 days. The same medium containing additional vitamins, cysteine, and methionine (i.e., medium AM16-isocitrate) supported growth of the ⌬frd::icd strain, with colonies forming after 5 days. AM16-isocitrate plates were tested as selective solid medium in two replicate natural transformations of strain 130Z with 1 g of NcoI-linearized pCR2.1-⌬frd::icd. Transformation mixtures were inoculated into liquid AM3 and AM2-isocitrate (250 l in each) and spread on AM16-isocitrate plates (225 l spread at dilutions of 1, 10 Ϫ1 , and 10 Ϫ2 ). As expected, transformants grew overnight in AM3 and after 4 days in liquid AM2-isocitrate. Colonies grew on AM16-isocitrate plates after 5 days, with an efficiency of approximately 140 colonies per g of DNA. Eighteen colonies grown on AM16-isocitrate plates were tested by colony PCR using primers P9 and P2. All were ⌬frd::icd mutants, confirming that AM16-isocitrate plates can be used to directly select icd-containing knockout mutant constructs in A. succinogenes.
All attempts to measure transformation and double recombination efficiencies failed because of a still-unexplained problem with serial dilutions and plating. Starting from fresh dense precultures, all A. succinogenes strains tested, including 130Z, grew as lawns when plated from the undiluted preculture, they grew as numerous compact colonies when plated from the 10 Ϫ1 dilution, but they produced only a few colonies when plated from the 10 Ϫ2 dilution and no colonies at higher dilutions. Similar results were observed when the serial dilutions were prepared with AM3-phosphate buffer, AM3 with and without glucose, LB, or with the supernatant of the preculture and when the bacterial suspensions were plated on LB-glucose, AM3, AM17, or AM16-isocitrate.
Knockout mutants via electroporation. The knockout mutants obtained using natural transformation showed that linear DNA fragments could recombine with the A. succinogenes chromosome. Despite previous failed attempts at constructing knockout mutants using electroporation and antibiotic resistance genes as selection markers, electroporation was tested again as an alternative transformation method to create knockout mutants in A. succinogenes.
Electroporations of strain 130Z with NcoI-linearized pCR2.1-⌬frd::icd were performed using 0.1 to 1 g of DNA in 100-ng increments. After recovery, electroporation mixtures were washed once with MIV and resuspended in MIV. One-third of each electroporation mixture was inoculated in liquid AM3, one-third was inoculated in liquid AM2-isocitrate, and one-third was spread on a single AM16-isocitrate plate. Electroporations with 300 ng or more of linearized pCR2.1-⌬frd::icd consistently yielded colonies on AM16-isocitrate plates. All colonies growing on AM16-isocitrate plates that were tested by colony PCR with primers P9 and P2 were confirmed as ⌬frd::icd knockouts, showing that electroporation can be used as an alternative to natural transformation to introduce linear DNA in A. succinogenes for homologous recombination.
DISCUSSION
The fermentative metabolism of A. succinogenes has been studied in detail using fermentation balances, in vitro enzyme activity assays, genome sequencing, and metabolic flux analysis, and how ATP is produced and NAD ϩ is regenerated in the different fermentative branches is well understood (6, 17, 21, 22, 29) . To enhance the production of a given fermentative metabolite (e.g., fumarate or succinate), we needed a means to produce knockout mutants. In this study, we demonstrated that natural transformation and electroporation can be used to introduce DNA in A. succinogenes for recombination, that the E. coli icd gene can be used as a positive selection marker for recombination events, that the yeast Flp/FRT recombination system can be used to excise the selection marker, that plasmids can be cured from A. succinogenes using AO, and that the selection marker can be reused to introduce at least two consecutive deletions into the same strain. It is possible that once multiple genes have been consecutively deleted from one strain, the yeast Flp will begin deleting large sections of the genome rather than the two FRT sequences flanking the icd marker. If this type of event starts happening, we could use mutant FRT sequences to construct multiple mutants, since at least four mutant FRT sequences have been shown to recombine exclusively with their matching sequence (34) .
The 64-nt scar (FRT sequence flanked by AscI sites) interrupting the deletion does not by itself leave the remaining sequences in frame, but if an in-frame deletion is desired, the deletion itself can be designed with a frameshift to place the remaining sequences back in frame.
Except for our first transformation to construct the ⌬frd::icd strain, at least 25% of colonies obtained after all other natural transformations were knockout mutants ( Table 2 ). The frequency of knockout colonies increased to 100% when transformants (obtained by electroporation) were selected directly on the enriched defined medium AM16-isocitrate. Note that we could not repeat the natural transformation with the ⌬frd::icd cassette in at least five more attempts, suggesting that the efficiency of the method is somewhat gene specific. The sequences of the two USS repeats present in the ⌬frd::icd cassette were closer to the consensus USS for A. succinogenes than the single USS in the ⌬pflB::icd cassette was (data not shown). Therefore, poor recognition of the USSs flanking the ⌬frd::icd cassette by the DNA uptake machinery cannot explain these results. We have also tried repeatedly to knock out other genes (i.e., ackA, pta, pykA, and zwf) in 130Z and the ⌬pflB strain without success, but these genes might be essential for growth, or we have not yet found conditions under which a knockout strain can grow.
With the ⌬pflB::icd, ⌬lacZ::icd, ⌬cit::icd, and ⌬acn::icd constructs, we demonstrated that a single USS in the knockout construct is enough to allow DNA uptake by A. succinogenes. Introducing a USS in the ⌬lacZ::icd construct-which would otherwise not have contained any USS-also allowed double recombination to take place. Linear constructs of various lengths could be used for transformation, from the entire plasmid carrying the knockout construct (e.g., ⌬pflB::icd in 130Z) down to recombination cassettes containing 0.52 kb to 0.6 kb of DNA on each side of the selection marker (e.g., ⌬acn::icd in the ⌬pflB strain) ( Table 2) . While flanking regions of 0.5 kb to 0.6 kb on each side of the cassette yielded knockouts with frequencies as low as 25% (or even 0% for ⌬pflB::icd-600), 1 kb of flanking DNA on each side was enough to protect against exonucleases prior to recombination, routinely yielding knockout frequencies between 42% and 100% ( Table 2) . As little as 200 bp of homologous DNA on each side of the selection marker was enough for efficient double recombination, as long as the homologous DNA was itself flanked by nonhomologous DNA on each side.
The development of a markerless knockout method for A. succinogenes will greatly facilitate future genetic engineering of A. succinogenes. The ⌬pflB strain represents an important first step in engineering a strain that can produce succinate at near maximum theoretical yields.
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